A proximity map showing the three-dimensional arrangement of 12 chemically defined points in actomyosin subfragment 1 is developed and roughly correlated with published electron microscope reconstructions of others. Several additional points and topological relationships in the primary polypeptide chain folding are assimilated into this model. Certain crossliikings and distance change observations are interpreted as indicators of transmission of force/displacement between the nucleotide-binding and an actin-binding site-i.e., as indications of how energy is transduced in this system.
It is reasonable to think that contractile force arises because the equilibrium geometrical relations between actin and the subfragment 1 (S-1) segment of myosin are different for each enzymatic intermediate occupying an ATPase site of S-1 that is remote from the (S-1)-actin interface(s). Then the operation of the enzymatic cycle compels operation of a cycle of relations between S-1 and actin. If changes in these relations are resisted by (surmountable) external forces, the cycle of relations is a "work cycle" performing external work. In a repetitive system, chemical free energy is thus continuously transduced into mechanical work. One has to say how the binding of an enzymatic intermediate determines an actinbinding relation 5 nm away. We have suggested that binding of the intermediate at the ATPase distorts the local S-1 structure and that this distortion is mechanically transmitted to the distant actin-binding site. These ideas have been developed in previous papers (1) (2) (3) . This paper fleshes out such ideas with recent observations.
Structural Information froin Fluorescence Resonance Energy Transfer (FRET) Mapping and Electron Microscopy (EM)
We begin by exploring the structure that may transmit effects between the nucleotide-binding site (N site) and the actinbinding site(s) (A site).A Since crystallography is still unavailable, we resort to melding lesser methods. As shown previously, chemically defined points in acto-(S-1) can be pairwise labeled by fluorophores. From FRET between such a pair one can estimate the interpoint distance, and by repetition of the procedure one can build up a lattice of acto-(S-1) points (2, 5) . The improvement offered by the Dale et al. (6) analysis was previously incorporated (2, 7) , but since 1984, other developments have appeared (see below). Though we cite improvements we must also emphasize the limitations of proximity mapping inherent in our results. For example, every point lattice has at least one unresolvable "mirror image" ambiguity. More serious is a shortage of necessary distance measurements. Although n(n -1)/2 distances are displayed in a complete lattice of n points, only 4n -10 distances are required to construct the lattice (2) . But in our case even this smaller number has not yet been obtained. The missing distances have been assigned by using extraneous information of variable reliability. For example, chemical information may favor the proximity of two points, sequence locations plus secondary structure predictions may yield an estimate that discriminates between positions, or the known geometry of a ligand may fix points of attachment, etc.
A very useful advance in handling interpoint distance data is the "Distance Geometry Program" (8) , designed for NMR data but also applicable to FRET data. The program produces point coordinates referred to an imbedded coordinate system, but this system has no relation to any "laboratory framework." Methods of accomplishing the transformation to the latter framework are among the recent advances. In one of these, Wakabayashi and his colleagues (9) have added to a conventional EM image reconstruction of acto-(S-1) the rough (because avidin is so large) visualization of two chemically defined points (ATP-binding site and Cys-707) and the general interface between S-1 and actin. This permits rotations of the chemical point lattice to bring its N site, Cys-707, and A site into approximate coincidence with the corresponding points in the EM image (figure 4 of ref. 9 ). The other method of relating the lattice to a laboratory framework stems from recognizing (10) that by combining FRET measurements with actin filament parameters it is possible to calculate the perpendicular distances (radial coordinates) from actin points to the actin filament axis. The radial coordinates of three actin points have recently been measured, and the coordinate of a fourth point has been found to be too large to be measured by FRET (11) . One can (physically) construct an axis with radial struts of appropriate length, and then, working on a (physical) model of the lattice in the body-centered framework, one can by trial-and-error estimate how the axis and its struts could be laid so that the tips of the radial struts coincide with the appropriate points. The axis position in the body-centered framework is then defined by its intersection with the x-y plane and two orientational angles. So the translation and Euler transformation required to shift from the body-centered framework to the laboratory framework (in which the z axis is the actinfilament axis) become evident. Finally, there is a new technique of designing fluorophore-labeled peptides ("antipeptides") complementary to specific sequence stretches (4). Thus it has been possible to locate a definitive contact between S-1 and actin (12) .
Abbreviations: S-1, subfragment 1 (of myosin); FRET, fluorescence resonance energy transfer; EM, electron microscopy; E, etheno modification of the adenine ring of ATP; T, trinitrophenyl modification of the ribose of ATP; Me, tightly held divalent cation of actin; N site, nucleotide-binding site; A site, actin-binding site. tSo far, only one A site has been positively identified (4) . We proceed on knowledge of this site, but we know that at least one other site exists and must keep an open mind to revisions that future studies may bring.
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Our lattice relates 12 points and displays 66 interpoint distances, but only 38 distances are required for its construction. We considered, however, that we had only 33 distance estimates. From these estimates we constructed a scaled physical model that therefore had "play." By using extraneous information (see above) we resolved the ambiguities thus rigidifying the model. On this model we measured the remainder of the 66 distances. We considered that the uncertainty in experimentally measured distances was + 10% and that in all other distances it was +20%o. Table 1 identifies the 12 points of the lattice; the legend gives the radial coordinate, r (the perpendicular distance to the actin filament axis), of three actin points. The 66 distances and their tolerances were then entered into the Distance Geometry Program (8) . When run, the program generated many structures, some enantiomeric to others (2) . Of these, one was selected for its low deviation measure, for the likelihood that certain of its points would conform in a general way with the same points in the EM reconstruction (9) , and for its dimensions, which should be a length of =18.8 and a widest diameter of -6 nm (28, 29) . The 66 distances from this selected structure are in the lower left sector of Table 1 and can be compared with the measured distances in the upper right sector. As described in the previous paragraph, the selected lattice was translated and rotated so that its point coordinates could be referred to a laboratory framework in which the z axis is the actin-filament axis. The interpoint distances are invariant in this transformation; the new point coordinates (available on request) were used to construct the structure shown in Fig. 1 .
Structural Information of Other Kinds
There are additional data that bear on three-dimensional structure but can be incorporated only as approximations or only with the aid of certain conjectures.
The primary sequences of actin (30) and of S-1 heavy chain (31-33) are now known, as are the sequence positions of most lattice points; therefore one may imagine that the chains of actin or of S-1 are "threaded through" the lattice points so that points on the chains coincide with points of the lattice. This operation puts some constraints on the topology ofchain folding, and other data cited below constrains folding still more. We subclassify sequence positions into three segments of the S-1 heavy chain (known from their molecular masses as "25 kDa," "50 kDa," and "20 kDa") discovered by Balint et al. (34) and two segments of the actin chain ("10 kDa" and "35 kDa") discovered by Konno (35, 36) .
The feasibility of crosslinking two residues with a shortlength crosslinker indicates interresidue proximity. Since the original experiments on S-1 (37, 38), many authors have reported such crosslinks between certain stretches of 50 kDa and 20 kDa; in two cases the residues joined were identified. Ue (39) showed that a proximity preexists between Cys-522 (50 kDa) and Cys-707 (20 kDa); Chaussepied et al. (40) showed a proximity between Cys-540 (50 kDa) and Cys-697 (20 kDa). This information does not place Cys-522 and Cys-540 precisely in the lattice but does show that there is a "loop" of at least 185 residues formed by 50-kDa and 20-kDa strands of S-1 heavy chain. This loop includes the 50-kDa-20-kDa "connector" (residues 633-642), long suspected to be a site at which the N terminus of actin binds (41) (42) (43) (49) : The initiating p-strand runs from Ser-173 to Gly-178 and is followed by "GXXXXGK" between Gly-178 and Lys-184, which in turn is followed by Thr-185 and an a-helix ending with . Speculatively, Mg2+ may chelate on the one hand to Asp-168 and Glu-170 and on the other to the y-(or j-) phosphate of bound ATP; the a-phosphate may bind to (Lys-184)-(Thr-185), whereas the adenosine moiety interacts with the C end of the a-helix. The trinitrophenyl label (attached to the ribose moiety of analog ATP) would be near residues (Lys-189)-(Arg-190) and the ring of a bound e-nucleotide would be near to . As shown in Fig. 1 Table 1 . The z-axis is the actin filament axis, deduced as explained in text. Dark spheres are S-1 (or S-1-attached) points; light spheres are actin points. Projections of acto-(S-1) on the x-y and y-z planes are rough sketches adapted from ref. 9 ; centers of spheres are projected on these planes as dots; these dots seem always to be on surfaces.
conclude that residues between positions 214 and 301 are near the S-1 tip. This conclusion is reconcilably constrained, by the feasibility of crosslinking position 273 with Cys-697. There may be a discrepancy in the location of the 25-kDa-50-kDa and 50-kDa-20-kDa connectors. Sutoh (55) has reported the former to be 1 nm farther from the tip than the latter. This disagrees with lattice data (Fig. 1) , which locate the 50-kDa-20-kDa connector (anti-peptide location) farther from the tip than residue 195 ("C"), which in turn cannot be far from the 25-kDa-50-kDa connector (that spans positions 204-214). However, in harmony with the lattice, Dan-Goor et al. (56) locates an antibody directed to position 214 and beyond at the S-1 tip.
Actin has been studied less than S-i, and even conjectures about its substructure are vague. Nevertheless, we know from Konno (35) that 10 kDa comprises the first 44 residues of actin. The N-terminal region (residues 1-4) binds to one of two places on S-i, the 50-kDa-20-kDa connector being one of them, so we can expect the N terminus of actin to be very near to S-1 residues 633-642. According to Mejean et al. (57) actin residues 18-28 are also a part of the interface with S-i. Fig. 2A . § We reiterate that in the absence of secondary and tertiary structural information, Fig. 2A only suggests topological relationships.
How the Internal Structure of Acto-(S-1) May Function in Transduction For the purposes of this section we focus on a particular region of S-1 structure (Fig. 2B) and consider how the binding of an N-site ligand may affect the (S-1)-actin interfaces in the critical loop. In this blowup the lattice points of Fig. 1 and the connectivities of Fig. 2A Fig. 1 and A and retain the same spatial relationship as in Fig. 1 and A. Several additional (closed circle) points have been added on grounds explained in text. Broken lines show crosslinks. Circular arrows show changes from crosslinks made before in relation to those made after nucleotide binding (60, 61) . The text explains that these changes would be enabled by displacements (large arrowheads) in 50-kDa and 20-kDa strands. Such displacements would alter (S-1)-actin relations at interfaces-e.g., that between the actin N terminus and stretch 633-642 of the S-1 heavy chain.
positions are less sure than those of lattice points they are depicted in a distinctive way (closed circles).
Before there was any structural information about myosin, Sekine et al. (62) showed that Cys-697 ("SH2") is more reactive when ADP is bound than when it is not, so it could be surmised that Cys-697 is mobile. Such surmises were much enhanced by Reisler et al. (63) , who discovered the first topographical crosslink-Cys-697 to Cys-707-and showed that it can be fixed at various lengths. More recently, Wells and Yount (64) showed that when this crosslink is made in the presence of bound ADP it retards the escape of the then trapped ADP but that subsequent actin binding releases the trap. That bound nucleotide enters a "pocket" is also shown by the observations of Ando et al. (65) . Moreover, Yount and co-workers (16) and Cheung and co-workers (66) have shown that as the nucleotide initiates the pocket formation the distance between Cys-697 and Cys-707 decreases. However, in this decrease the two thiols may move unsymmetrically. Attaching monofunctional reagents to Cys-697 moderately reduces ATPase (67), but attaching bifunctional (crosslinking) reagents extinguishes ATPase (40) . Monofunctional attachment to Cys-707 has a variable effect, depending on substrate conformation; some crosslinkers affect, but do not extinguish, ATPase (39) . The emission anisotropy of fluorophores attached to Cys-697 is much lower than that of fluorophores attached to Cys-707 (suggesting that Cys-697 is more mobile) (12, 67) . When ADP binds, the distance from the 50-kDa-20-kDa connector to Cys-707 changes little, but that to Cys-697 significantly increases (12) . Together, these recent observations suggest that upon nucleotide binding the interthiol distance decreases because a relatively mobile Cys-697 moves toward a relatively static Cys-707. In Fig. 2B this suggestion is noted by a rightward arrow in the interthiol stretch of 20 kDa.
Next we focus on the important experiments of Lu et al. (68) and of Burke (60) . In these, one function ofa bifunctional crosslinker first reacts with Cys-697 or Cys-707. The other (photoactivatable) function is then caused to react either before or after ATP is added; the stretch of residues with which the photoactive function reacts is then ascertained. We cite only the estimated midpoint ofthis stretch. Fig. 2B shows that, using various reagents, Cys-697 in the absence of ATP crosslinks to positions 189 (50), 273 (60) , and 540 (40), but, after ATP, bonding to position 526 intensifies at the expense of bonding to position 273 (60) . Also, Cys-707, in the absence of ATP, crosslinks to positions 120 (61), 152 (60) , and 522 (39) ; in the presence of ATP crosslinks to positions 120 and 510 appear together (61) as do crosslinks to positions 152 and 482 (60) . It is evident that the changes in crosslinking patterns around both thiols can be explained by a relative leftward displacement of the 50-kDa strand running parallel to the interthiol strand; this is suggested by a leftward arrow on the 50-kDa strand. Burke (60) notes that Cys-707 (unlike Cys-697) seems to retain its position relative to 25 kDa and concludes that Cys-697 may move toward Cys-707, thus reaching a conclusion similar to that above but on independent evidence.
Although we do not know the higher-order chain folding intervening between these strands and the actin-binding segments of the loop (e.g., the 50-kDa-20-kDa connector), it is clear that strains in the strands identified above could be communicated mechanically so as to alter the attitude and affinity of the actin bound to A sites of the loop. Mechani does, in fact, release trapped nucleotide. Also, it is already known that crosslinking the 50-kDa and 20-kDa strands (Cys-522 to Cys-707) inhibits actin binding, perhaps because it prevents the (reverse) strains required for actin binding (69) . Lu et al. (70) have found that nucleotide-dependent crosslinks between either Cys-697 or Cys-707 with 50 kDa are inhibited by actin binding. Finally, the approximation of LC1-177 and Act-374 by shortening the SH,-SH2 distance within S-1, by crosslinking or adding nucleotide (71), may be accommodated by supposing a rigid rotation of S-1 in the xy plane (Fig. 1) about a vertical axis through the interface.
In summary, data of various kinds lead to an acto-(S-1) "structure" that seems to provide a basis for transmission of mechanical effect between binding of ATPase intermediates at one site and actin binding at a remote site. A precise future confirmation of this interpretation would complete a molecular theory of contraction. 
